We have developed a methodology for analyzing the lattice, charge, and orbital in two-dimensional molecular conductors comprising dimers of [Pd(dimt) 2 ] ([Pd(dimt) 2 ] 2 ) using C¼C stretching vibrational modes. After confirming vibrational modes for non-dimerized and loosely dimerized materials, we provide assignments for the four C¼C stretching modes -two IR-active modes and two Raman-active modes -for the tight dimer. Of the four modes, the Raman-active and the lowest frequency mode is attributed to redistribution of the molecular orbital due to tight dimerization. By analyzing the vibrational spectra in the charge-ordered (CO) state of Et 2 Me 2 Sb[Pd(dmit) 2 ] 2 , we have found that the four modes are reflect in the intra-dimer interaction, the inter-dimer interaction, molecular charges and orbital levels. The results suggest that the vibrational spectroscopy is a powerful method to investigate electronic correlations, electron-phonon interactions, etc. in [Pd(dimt) 2 ] salts.
Introduction
Molecular conductors consisting of ET [= bis(ethylenedithio)tetrathiafulvalene] have been studied as model compounds for low-dimensional physics. A rich variety of transport, magnetic, and optical properties is observed for ET-containing materials whose crystal structures are quite different.
1-3) For example, the superconductivity of dimerized ET-salts has been studied from the viewpoint of magnetic fluctuation, whereas the charge fluctuation of nondimerized ET-salts has attracted attention. [4] [5] [6] Because of the variation in crystal structure, a comprehensive and generalized model of the conducting and magnetic properties of ET-salts has not yet been proposed. On the other hand, the structures in the conducting and two-dimensional layers of [Pd(dmit) 2 ] salts (dmit = 1,3-dithiol-2-thione-4,5-dithiolate) are nearly identical. 7) As shown in Fig. 1 , two [Pd(dmit) 2 ] molecules form the tight dimer, whose Pd-Pd distance is 2.9-3.2 # A. Tight dimers exhibit a columnar structure, and neighboring columnar structures are arranged so as to form a two-dimensional and conducting layer. Despite the universality in the two-dimensional structure, there is great diversity in the physical properties; these include charge-ordered (CO), superconducting (SC), antiferromagnetic and insulating (AFI), and spin frustration (SF) states as well as a SC state neighboring non-magnetic insulator (NMI) state. [8] [9] [10] [11] [12] [13] [14] [15] [16] Such diversity is expected to be controlled by the subtle changes in the two-dimensional layer, affecting inter-molecular Coulomb interactions, overlap integrals, on-site Coulomb interactions in dimers, electron-phonon interactions, dimensionality, etc. For example, highest occupied molecular orbital (HOMO) level and lowest unoccupied molecular orbital (LUMO) level exhibit crossing because of the tight dimerization, [17] [18] [19] [20] [21] [22] and such an orbital effect could also contribute to the diversity in Each pair of layers is separated by a counter anion layer. Pd atoms in a tight dimer form a short distance, $3:1 # A. The arrows in (b) denote the center of inversion symmetry. Owing to a non-center symmetric anion, the number of the [Pd(dmit) 2 ] molecules in the unit cell is doubled, but a repeat unit in two-dimensional layer consists of one tight dimer. Et 2 Me 2 P[Pd(dmit) 2 ] 2 also takes the two layer system. physical properties. 10) Therefore, molecular crystals consisting of [Pd(dmit) 2 ] dimers are one of the key materials toward the generalized and comprehensive mechanisms of the physical properties in molecular solids, and it is of considerable importance clarifying the roles of charge, spin, lattice, and orbital level.
However, there remains a paucity of reliable methodologies for evaluating charge, spin, lattice, and orbital level. As shown in our previous studies on the ET-salts, vibrational spectroscopy is useful for capturing fluctuations in the charge and lattice as well as the static charge and static distortion in lattice. 4, 23, 24) We expect that the orbital effect can also be evaluated from the C¼C stretching modes, assuming the C¼C bonds contribute substantially to the frontier orbital of the dimer. Therefore, detailed analyses of C¼C stretching modes may open the door to studying the factors contributing to the physical properties of [Pd(dmit) 2 ] salts.
The vibrational spectra of dmit-complexes have been reported previously. [25] [26] [27] [28] [29] [30] However, no reliable assignments have been given for the IR and Raman spectra of [Pd(dmit) 2 ] dimer in the frequency region between 1200 and 1400 cm À1 , where the C¼C stretching modes are expected to be observed. As for a monomer, two C¼C bonds in a molecule contribute to two fundamental vibrational modes; 1 and 2 modes. In contrast, at least four vibrational modes are allowed for tight dimer, because there are four C¼C bonds in a dimer. One doublet is observed in the IR spectra and another in the Raman spectra. Among four modes, two IRactive modes and one Raman-active mode might be understood from the magnitudes of the electron-molecular vibrational (e-mv) coupling. Such interpretation is similar to that of the ET-salts. However, the forth and Raman-active mode cannot be interpreted within a framework of the ordinal e-mv coupling. In this article, we give assignments of C¼C stretching modes using several experimental data, and present a methodology for analyzing the charge, lattice, and orbital of [Pd(dmit) 2 ] salts. Once the properties of the C¼C stretching modes are established, the vibrational spectroscopy will be a powerful tool to study phenomena such as the NMI-SC transition, charge separation due to redistribution of the orbital level or inter-molecular Coulomb interaction, and spin frustration among others. These results will be described in subsequent papers.
The rest of the present paper is organized as follows. The experimental procedure is described in x2. Before discussing details, the outline of our assignments for the tightly dimerized structure is presented in x3. The assignments and properties of the standard 1 and 2 modes are described in x4. In x5, we give the assignments and discuss the properties of the 1 -and 2 -related modes. Throughout x4 and x5, the observation of at least four C¼C stretching modes is recognized. In x6, we give the assignments of the C¼C stretching modes of Et 2 Me 2 Sb[Pd(dimt) 2 ] 2 in the CO state. According to the electronic transitions in the nearinfrared (NIR) region and X-ray structural analysis, this CO state is ascribed to the orbital effect. 8, 9) We then show that observation of C¼C stretching modes in the CO state is a good test condition to establish the methodology for analyzing the charge, inter-molecular interactions, and orbital levels of [Pd(dimt) 2 ] salts. Finally, in x7, we summarize the properties of the C¼C stretching modes of the dimerized [Pd(dimt) 2 ] molecules.
Experiments
Raman spectra were measured by using a Renishaw Ramascope with a backward scattering configuration. The incident light was polarized and unpolarized scattered light was collected. A single crystal was excited by a He-Ne (633 nm), Ar ion (514 nm), or diode laser (780 nm). The intensity of the incident laser light was reduced below 0.1 mW to avoid damage to the crystal. The spectral resolution was 2 cm À1 . IR reflectance spectra were measured using a Nicolet Magna 760 FT-IR spectrometer equipped with a Spectratech IR-Plan microscope. A polarizer was placed on the microscope. The spectral resolution was 4 cm À1 . Conductivity spectra were obtained after performing Kramers-Kronig transformation of the IR reflectance spectra. Some spectra were observed at low temperatures. In examining the temperature dependence of IR and Raman spectra, the single crystals were cooled using a helium-flow type cryostat with the cooling rate kept below 1 K/min. Table I shows the abbreviations of the materials used in the present study. e2m2P and e2m2Sb exhibit tight dimerization whereas T2 (T1) shows no dimerization (loose dimerization). We first confirmed the 1 and 2 modes using T2, T1, e2m2P, and e2m2Sb at 300 K. Note that e2m2P at 300 K is not in the anti-ferromagnetic state, 14) nor is e2m2Sb at 300 K in the CO state. 8, 9) Next, we gave the assignments for the additional C¼C stretching modes of T1, e2m2P, and e2m2Sb at 300 K. Strictly speaking, the additional modes can be classified into either the 1 or 2 mode. However, as described in the following sections, their properties are quite different from those of the original 1 or 2 modes. Hereafter, the additional modes are designated as the nonstandard modes. We observed the spectra of some isotope analogues to confirm that the non-standard modes belong to the C¼C stretching mode. As shown in Fig. 2 , the carbon atoms in the dmit ligands were partially or fully substituted by 13 C. Both partial and full substitutions were performed for e2m2P. We hereafter use the notations e2m2P(13-2) and e2m2P to refer to the partially and fully substituted materials, respectively. These notations are shown in Table I . For e2m2Sb, the partially substituted analogue and naturally abundant isotope, denoted by e2m2Sb(13-2) and e2m2Sb(13-0), respectively were used for the experiment. When it is not necessary to distinguish between the naturally abundant isotope and its analogues, we use the notations e2m2P and e2m2Sb. By comparing the spectra among e2m2P(13-2), e2m2P(13-6), e2m2Sb(13-2), and e2m2Sb(13-0), we can distinguish the C¼C modes from TBA: tetra-n-butylammonium the C¼S modes, combination tones, and overtones. The last step is to observe and analyze the temperature dependence of the C¼C stretching modes for e2m2Sb.
To understand the polarization dependence of the IRactive modes in e2m2P and e2m2Sb, we briefly describe the crystal structures at 300 K. As shown in Fig. 1 , the stacking direction in one conducting layer is different from that in adjacent conducting layers. Because of such structural properties, the maximum reflectance in the IR region was obtained from a-polarized spectra. The minimum reflectance in the conducting layer (= ab-plane) was obtained from b-polarized spectra. The electron-molecular vibrational coupling mode (e-mv mode) also exhibited the same polarization dependence as the electronic transition in the IR region. In addition, we measured the reflectance spectra using c-polarized spectra -the incident light polarized along the inter-layer direction. In this configuration, the incident light was irradiated onto the edge of the single crystal. As the crystal edge is perpendicular to the conducting plane, there is no marked electronic transition in the IR region. Therefore, the intensity of the e-mv mode is also significantly lower than that obtained from the conducting plane. The absence of electronic transition and the weak intensity of the e-mv mode are advantageous for observing the vibrational mode which is free from the e-mv interaction. 23) As structural data for T2 and T1 were unavailable, we conducted X-ray structural analysis and compared the results with the vibrational spectra. No remarkable atomic contact is observed in [Pd(dimt) 2 ] molecules for T2. As for T1, [Pd(dimt) 2 ] molecules form the dimer, but the intermolecular contacts are weak as compared with those of tight dimers of e2m2Sb and e2m2P.
Outlines of the C¼C Stretching Modes
Before discussing the details, we present the outlines of our assignments for C¼C stretching modes. Figure 3 shows the vibrational motions of the C¼C stretching modes for a monomer, a loose dimer and a tight dimer, those which correspond to the vibrational modes for T2, T1, and e2m2P (or e2m2Sb at 300 K), respectively. Two standard C¼C stretching modes, the 1 and 2 modes, are observed in the spectra of T2. An additional C¼C stretching mode is observed in the IR-conductivity spectra of T1 and e2m2P, which is denoted as the 1 (IR) and C modes, respectively. These modes are the out-of-phase vibrations composed of 1 modes between neighboring molecules in a dimer. This vibration, which is classified into the e-mv mode, has a frequency lower than that of the unperturbed 1 mode. In contrast, no IR-active vibronic mode belonging to the 1 mode is observed in the conductivity spectra of T2. The absence of the e-mv mode is supported by the X-ray structural analysis: no short-range contacts between adjacent molecules. Observation of the D mode in the Raman spectra is characteristic of tight dimerization. The D mode is an out-of-phase vibration composed of 2 modes between neighboring molecules in a dimer. A large perturbation of the D mode is quite different from the less perturbation in the corresponding mode of T1 which is not shown in Fig. 3 . The large perturbation of the D mode is ascribed to redistribution of the molecular orbital (MO) of tight dimerization (see x5). Figure 4 shows the IR-conductivity and Raman spectra of e2m2P(13-2) and e2m2P 3 . The C¼C stretching mode of a monomer, a loose dimer and a tight dimer. For each structure, the frequency decreases from top to bottom. ''R'' and ''IR'' in the parentheses denote the Raman-active and IR-active modes, respectively. Raman active mode composed of the 2 modes in neighboring molecules in a loose dimer, 2 (R), is omitted, because this mode is almost unperturbed and negligibly weak (or absence) in Fig. 5 . Table II along with those of the C¼C stretching modes for T2, T1 and e2m2Sb . Because the A-D modes exhibit isotope shifts, they all belong to the C¼C stretching mode. This result is also supported from almost no isotope shift in the A-D modes between e2m2Sb(13-0) and e2m2Sb(13-2). The details of each mode will be described in x4 and x5. Figure 5 shows the Raman spectra for T2, T1, e2m2Sb(13-0), e2m2P(13-2), and e2m2P(13-6) at 300 K. The spectra were obtained from a 633 nm laser. The sharp and strong peaks of T2 and T1 are easily assigned to the 1 mode. As for materials containing of a tight dimer, two vibrational modes are observed. The frequencies of Table II . Table II . Frequencies of the C¼C stretching mode for T2, T1, and tightly-dimerized salts at 300 K. Frequencies of e2m2Sb(13-2) are identical to those of e2m2Sb . Crosses between two molecules denote the inversion center.
Degree of dimerization
Non-dimerized Loosely dimerized Tightly dimerized e2m2P are lower than those of e2m2Sb(13-0) and e2m2P . The isotope shift between e2m2P(13-2) and e2m2P is approximately 50 cm À1 /1357 cm À1 ¼ $ $3:7%, which closely agrees with the estimate of 1 À ð12=13Þ 1=2 ¼ 3:9%. Hence, both modes are C¼C stretching modes. The high frequency mode has a narrower line-width as compared with the low frequency mode. Therefore, the former is assigned to the standard and Ramanactive mode, whereas the latter is considered a non-standard mode perturbed by inter-molecular interaction.
As shown in Fig. 5 , the frequency of the 1 mode decreases in the order of T2, T1, and e2m2Sb(13-0) [or e2m2P ]. Because their formal charges of À2, À1, and À0:5 (À0:5), respectively, these shifts indicate that the frequency of the 1 mode decreases with decreasing fractional charge, which is consistent with the previous work.
28 ) The relationship between the fractional charge and frequency from ¼ À2 to À1 is estimated as $47 cm À1 / electron. By extrapolation of the frequency shift of $40 cm À1 /electron from ¼ À1 to À0:5, the relationship from ¼ À1 to 0 is estimated as $80 cm À1 /electron. Both relationships shows a discontinuity, indicating that the
À (radical anion at a monomer, ¼ À1). In other words, the electronic density at C¼C bonds of the tight dimer is a little different from that of a monomer. Indeed, the molecular structure in a tight dimer is a little different from that of T1 or T2. According to X-ray structural analysis, T1 and T2 show the flat structures. On the other hand, the tight dimer exhibits a boat structure so as to form short-range intra-dimer contacts around the center of the molecules. The frontier orbital of the tight dimer is also different from that of the flat molecule, particularly around the C¼C bonds, which will be described in x5.2. This accounts for the discontinuity in frequency. 31) In this sense, a different notation should be used for the Raman-active 1 mode of the tight dimer. Hereafter, we denote such a mode as the A mode. Consequently, the tentative relationship between fractional charge and frequency of $80 cm À1 /electron from ¼ À1 and 0 is not used for quantitatively evaluation of molecular charges, particularly in the CO state. Nevertheless, qualitative discussions of the A mode provide fruitful information on the charge and lattice (x6.2). Figure 6 shows the IR-conductivity spectra of T2, c-polarized conductivity spectra of T1, c-polarized conductivity spectra of e2m2P, and c-polarized spectra of e2m2Sb in the non-CO state. The IR-conductivity spectra of T2 is obtained from the elongated surface of the needle-like crystal. The only vibrational mode observed in this spectral region is the 2 mode. In the spectra of T1, two vibrational modes are observed. The $1310 cm À1 mode is assigned to not the 2 mode but one of the 1 mode, which is discussed in Appendix A. The 2 mode is observed at 1375 cm À1 . The assignment of the B (B Ã ) mode for a tight dimer is supported from polarization dependence of the B (B Ã ) mode. In the c-polarized spectra, the intensity of the B (B Ã ) mode is higher than that of the C (C Ã ) mode. This polarization dependence satisfies that of the 2 mode because the out-ofphase vibrations between the two ring C¼C bonds induce the intra-molecular CT along the molecular long axis. 32) In contrast, in the a-and b-polarized spectra, the B (B Ã ) mode is weaker than the C (C Ã ) mode. This polarization dependence indicates that the B mode is free from the e-mv interaction. However, the B (B Ã ) mode is observed in the a-and b-polarized spectra, which is ascribed to inclination of the [Pd(dimt) 2 ] molecule toward the conducting plane (see Fig. 1 ).
Standard 2 mode
The frequencies of the 2 mode and the B (B Ã ) mode decrease from ¼ À2 to À0:5. This dependence also supports that the B (B Ã ) mode belongs to the 2 mode. As shown in Fig. 3 , the C¼C bonds between neighboring molecules vibrate in-phase. Such vibrational motion is expected to be free from the inter-molecular CT, that is, free from the e-mv interaction. We can expect that the frequency is sensitive to the molecular charge. In this sense, the 2 mode and B mode of [Pd(dmit) 2 ] is comparable to the 27 mode of ET.
23)
The relationship between the fractional charge and frequency from ¼ À2 to À1 is estimated as $66 cm À1 / electron. By extrapolation of the frequency shift from ¼ À1 to À0:5, the relationship from ¼ À1 to 0 is estimated as $92 cm À1 /electron. In analogy to the 1 mode, these relationships are discontinuous. The discontinuities in the 2 and B ( 1 and A) modes strongly indicate that short- . IR-conductivity spectra of T2, T1, and tightly dimerized salts at 300 K. The spectra of T1 is identical to the c-polarized spectra in Fig. AÁ1 . The spectra of e2m2P(13-2) is identical to the c-polarized spectra in Fig. 4 . The frequencies of the 2 , B, C, B Ã , and C Ã modes are summarized in Table II . Asterisks denote the 13 C¼ 13 C stretching modes. Crosses denote the CH 2 -related modes, which are not discussed in the present article.
range intra-dimer contacts due to tight dimerization induces the change in the frequency of the C¼C stretching mode. In this sense, a different notation, ''the B mode'', is used for the IR-active 2 mode of the tight dimer. As for a qualitative discussion, any sample whose molecular charge, , is confirmed to be À1 and 0 ([Pd(dmit) 2 ] 2 2À and [Pd(dmit) 2 ] 2 0 , respectively) is required. Unfortunately, such sample cannot be available to our best knowledge. A detailed and exact normal mode analyses might contribute to the quantitative discussions, which is a future's task. Nevertheless, we can expect that the B mode is sensitive to subtle changes in the molecular charge, which will be confirmed using the temperature dependence of the c-polarized spectra for e2m2Sb (x6.1).
1 -and 2 -Related Modes
Prior to discussing the 1 -and 2 -related modes of the tight dimer, we give comments on the C¼C stretching modes of T1. As described in Appendix A, the IR-active 1 mode is observed because of the loose dimerization. Analogous to many ET salts, the observation of this mode is obviously attributed to the e-mv interaction. In contrast, no additional 2 mode, whose frequency is lower than that of the unperturbed 2 mode, is observed in both IR and Raman spectra. This result indicates that almost no perturbation in the frequency of the 2 mode is occurred owing to the weak inter-molecular interaction in the loose dimer. This behavior is also consistent with the property of the 27 mode of the ET salts. 23) Therefore, the total number of the C¼C stretching modes, whose frequencies are different from each other, is three for the loose dimer. As for T2, on the other hand, no IR-active vibronic mode belonging to the 1 mode is observed in the conductivity spectra. The absence of the e-mv mode is supported by X-ray structural analysis: no short-range contacts between adjacent molecules. Figure 7 shows the Raman and a-polarized conductivity spectra of e2m2P(13-2). These spectra are the same as those in Fig. 4 . When repeating unit is a tight dimer, the total number of the C¼C stretching mode is four, which is significantly different from that of T1. Between two kinds of additional modes; C and D modes, the IR-active C mode is discussed in this subsection. Assuming that the C is the e-mv mode, two molecules in a dimer vibrate out-of-phase and CT due to the e-mv interaction is induced along the stacking direction. Indeed, the intensity of the C mode is strong in the a-polarized spectra; hence, the polarization dependence of the C mode confirms that the C mode is assigned to the vibronic 1 mode. Like the 1 (R) and 1 (IR) modes of the T1, the behavior of the A and C modes is qualitatively reproduced from a simple dimer model wherein one electron is accommodated in a dimer. We have used methodologies in the previous literatures, and these methodologies are also applied to Appendix A. [33] [34] [35] [36] The calculated result is shown in Fig. 8 . Here, the transfer integral, t d , and the coupling constant in the tight dimer, g, are assumed to be 450 meV and 0.1 eV, respectively. Unfortunately, as described in x4.1, the frequencies of the radical anion and neutral molecule ( ¼ À1 and 0) with a boat structure are not settled, so that we have tentatively used the frequency of the 1 mode of T1 as a frequency at ¼ À1. The frequency at ¼ 0 is tentatively obtained from the extrapolation using the 1 of T1 ( ¼ À1) and A mode of e2m2P ( ¼ À0:5). As shown in at ¼ À0:5 is exactly identical to that of the 1 at ¼ 0:5. When is more ore less smaller (larger) than À0:5, the frequency of the A mode is almost unchanged. The degree of perturbation of the C mode corresponds to the difference in the frequencies between the C mode and 1 at ¼ À0:5. The degree of perturbation at ¼ À0:5 ($80 cm À1 ) estimated from the calculation roughly agrees with the experimental value of 60-70 cm À1 . The perturbation for the C mode is not as large as that for the vibronic 3 mode of -type ET salts (110-240 cm À1 ). [37] [38] [39] [40] This difference is attributed to the difference in the inter-dimer transfer integral. For [Pd(dimt) 2 ] salts consisting of a tight dimer, the magnitude of the inter-dimer transfer integral, t i ¼ 20{40 meV, is significantly smaller than that of t d (400-500 meV). Thus the frequency of the C mode largely depends on the intra-dimer transfer integral. In contrast, t d of -type ET salts, which is slightly less than 300 meV, is at most triple the size of t i .
Non-standard 1 -related mode
1) For -type ET salts, both t d and t i have a non-negligible contribution to the perturbation of the e-mv mode. Hence, the frequency of the C mode is not so perturbed as compared with the frequency of the vibronic 3 mode of -type ET salts.
We also examined the role of the inter-dimer interaction in the frequencies of the C mode, assuming two tight dimers neighbor one another. 41) t d and t i are assumed to be 450 and 30 meV, respectively, and the intra-dimer and inter-dimer nearest neighbor Coulomb interactions to be V d ¼ 0:4 and V i ¼ 0:1 eV, respectively. Owing to the inter-dimer interaction, the C mode split into two modes, Ca and Cb modes. Nevertheless, the degrees of perturbations of the Ca (and Cb) modes, $70 cm À1 ($90 cm À1 ) is almost comparable to that of the C mode in a dimer model, $80 cm À1 . This behavior is significantly different from the large perturbation in the corresponding modes of the -type ET salts. We have evaluated the degrees of perturbation in the 3 mode of ET applying a similar calculation. The parameters in two dimers are assumed to be t d ¼ 300 meV, t i ¼ 100 meV, V d ¼ 0:3 eV, and V i ¼ 0:1 eV. Indeed, the degrees of perturbations of the two vibronic 3 modes, $130 and 160 cm À1 are significantly larger than that of the Ca and Cb modes. This difference obviously lies in the magnitude of t i . This result suggests that the inter-dimer (intra-dimer) interaction contributes less (more) to the frequency of the C mode because of small t i (large t d ).
Applying the above model to the A mode, the A mode also split into two modes, the Aa and Ab. Analogous to the C mode, the difference in the frequencies between the Aa and Ab modes is small (lower than $30 cm À1 ). Nevertheless, because of the narrow line-width, the Aa and Ab modes are expected to be independently observed. This property is useful to examine the inter-dimer interactions, which will be described in x6.2.
Non-standard 2 -related mode
As shown in Fig. 7 , an additional Raman-active mode, D, is observed for the [Pd(dmit) 2 ] 2 salts containing a tight dimer. The frequency of the D mode is lowest among the those of the A-D modes, suggesting that the intra-dimer CT contributes to its perturbation. To the extent that a repeating unit in the two-dimensional layer consists of one dimer, the D mode does not belong to the vibronic 1 mode because the C mode has already been assigned as the perturbed 1 mode. We assume that the D mode belongs to the 2 mode, whose vibrational motion is shown in Fig. 3 . Not only the intramolecular C¼C bonds but also the inter-molecular C¼C bonds exhibit the out-of-phase vibrations. Such a motion could contribute to intra-dimer and intra-molecular CT, resulting in the lowest frequency among four vibrational modes. The large perturbation of the D mode is supported from the viewpoint of MO, where rigid bonding orbital is formed between the molecules in a dimer, which will be described in Appendix B.
In contrast, the absence of an additional Raman-active mode in T2 is ascribed to no remarkable inter-molecular contact between [Pd(dmit) 2 ] 2 molecules. From the viewpoint of the group theory, an additional mode is allowed for T1. Owing to a loose dimer, the frequency is expected to be almost comparable to that of the 2 mode, $1375 cm À1 . However, no remarkable vibrational mode is observed around 1375 cm À1 in the Raman spectra shown in Fig. 5 , or a very weak peak at $1375 cm À1 might be an additional mode. We consider that the resonance condition is not realized for T1. As shown in Fig. AÁ1 , the highest transition energy of a loose dimer is estimated to be $1:55 eV (800 nm), which is significantly lower than excitation energy of He-Ne laser, 633 nm.
Having confirmed the assignments of the C¼C stretching modes for the tight dimer, the detailed properties of the A-D modes will be examined in x6.
C¼C Stretching Modes of Et
Prior to discussing the vibrational modes in the CO state, we first comment on the C¼C stretching modes in the non-CO state and the resonant effect. Figure 9 shows the IR and Raman spectra at 100 K: a temperature higher than the CO transition temperature ($70 K). The assignments of the A-D modes are identical to those at 300 K and the assignments of e2m2P. Each frequency at 100 K is $3 cm À1 higher than that at 300 K. The slightly increase in the frequency is attributed to the thermal contraction. We have examined excitation energy dependence in the A and D modes using the spectra at 100 K, which is described in Appendix B. The excitation energy dependence is explained from the energy level of the MOs. The resonant effect is also observed in the CO state. The excitation energy dependence is useful to give the assignments of the A and D modes and useful to discuss the degree of dimerization.
The distribution of site charges in the CO state is already obtained from the X-ray structural analysis, wherein two charge-rich dimers and two charge-poor dimers are alternately arranged along the stacking direction.
8) The same structure is independently obtained from the vibrational spectroscopy. Figure 10 shows the temperature dependence of the c-polarized conductivity spectra. From 68 to 66 K, the B mode at 1333 cm À1 splits into two peaks denoted as the B1 and B2 modes. The temperature of peak-splitting closely agrees with the transition temperature obtained from the lattice parameter, electrical resistivity, and magnetic susceptibility. It is reasonable to attribute the peak-splitting of the B mode to the CO transition. The B1 and B2 modes are assigned to the B modes of the charge-rich and charge-poor molecules, respectively. As described in x4.2, we can expect that the frequency of the B mode has a linear relationship with a molecular charge. Interestingly, the averaged frequencies between B1 and B2 modes, 1336 cm À1 , is nearly identical to the frequency at ¼ À0:5, 1333 cm À1 . Furthermore, the ratio of charge-rich and charge-poor molecules, 1 : 1, has been already confirmed from the X-ray structural analysis. These facts ensure that the frequency of the B mode has a liner relationship with a molecular charge: B1 and B2 correspond to À0:5 À Á=2 and À0:5 À Á=2, respectively (0 < Á=2 < 0:5). This result means that the ratio of charge-rich and charge-poor molecules in the CO state of other [Pd(dmit) 2 ] salts can be estimated from the number of the B mode and these frequencies. One may surmise, on the other hand, that the ratio is also estimated from the relative intensity between B1 and B2. However, this method is not necessary applicable to the B mode. In analogy with 27 mode of ET, the B mode induces the intramolecular charge transfer along the long axis of molecule. Since the transition dipole moment contributes to the intensity, the intensity depends on the molecular charge as well as the ratio. Therefore, it is not so useful to estimate the ratio from the relative intensity.
Temperature dependence of the B mode
As described in x4.2, any exact equation between charge and frequency cannot be obtained from the experimental results at this stage. Nevertheless, qualitative discussion of molecular charge can be useful for examining the degree of localization. Let us examine the difference in the molecular charges between the charge-rich and charge-poor sites, Á, because this value closely reflects the degree of localization, i.e., the conductive behavior. According to previous studies of ET salts, the Á values in the CO states of -(ET) 2 RbZn(SCN) 4 and 00 -(ET) 4 Ni(CN) 4 H 2 O are $0:5 and $0:4, respectively, whereas the Á of the metallic material is close to 0. 5, 42) By applying the tentative relationship between the fractional charge and frequency from ¼ À1 to 0 ($92 cm À1 /electron) to the difference in the frequencies between the B1 and B2 modes, $37 cm À1 , Á is estimated to be $0:4. By extrapolating the relationship from ¼ À2 to À1 ($66 cm À1 /electron) to the present data, Á is estimated as $À0:5 6 . In both estimates, the Á of e2m2Sb in the CO state is comparable to those of -(ET) 2 RbZn(SCN) 4 or 00 -(ET) 4 Ni(CN) 4 H 2 O rather than Á of metallic materials. This suggests that long-range order develops well in the two-dimensional layer of e2m2Sb in the CO state. As will be described in x6.2-x6.4, the development of long-range order is supported by factor group splitting in the A, C, and D modes.
We briefly comment on the Raman active B mode. In the Raman spectra shown in Fig. 11 , very weak peaks denoted as the B1 0 and B2 0 are observed at 1350 and 1320 cm À1 . According to the X-ray structural analysis, the repeating unit in the conducting layer consists of two charge-rich dimers and two charge-poor dimers. As shown in Fig. 12 , the number of vibrational modes assigned to the B mode is four. Then, the vibrational modes due to the two charge-rich dimers, B1 and B1 0 , are also express as the same manners. B1 0 and B2 0 are symmetric whereas B1 and B2 remain asymmetric. Therefore, B1 0 and B2 0 are Raman-active, and B1 and B2 are IRactive. Between B1 and B1 0 (B2 and B2 0 ) modes, the degrees of the inter-dimer charge transfer is exactly different from each other. Nevertheless, the frequency of the B1 0 (B2 0 ) mode is identical to those of the B1 (B2) mode. This behavior is significantly different from those in the A, C, and D modes, which will be described in x6.2-x6. 4 . The consistency in the frequencies between Raman-active and IR-active modes is attributed to the fact that the B mode is free from the e-mv interaction, in other words, the B mode is insensitive to the inter-dimer interaction. This property ensures that the B mode is the most sensitive to molecular charges among four C¼C stretching modes. Figure 11 shows the IR and Raman spectra of e2m2Sb in the CO state. The spectral shapes are quite different from those in the high-temperature phase (Fig. 9) . The number of vibrational modes exceeds four. The multiple peaks indicate that a repeat unit is composed of several dimers. The twodimensional structure, already obtained from X-ray structural analysis, 8) can be independently obtained from the analysis of the multiple peaks. Figure 12 shows a correlation diagram of the C¼C stretching modes and frequencies of corresponding modes in Fig. 11 . As shown in Fig. 12 , our experimental results are explained by assuming two chargerich and two charge-poor dimers alternately arranged along the stacking direction. The multiple peaks in the CO state should belong to the A-D modes. Hereafter, a series of A, (B, C, and D) modes in the CO state is denoted as the A-(B-, C-, and D-) group when it is unnecessary to distinguish one of the A (B, C, and D) modes from another. Assuming that four dimers participate in a repeating unit in the twodimensional layer, the A-(B-, C-, and D-) group consists of four vibrational modes. Four vibrational modes belonging to the A-group -A1, A1 0 , A2, and A2 0 -are observed between 1330 and 1373 cm À1 . Interestingly, the frequency of the A1 mode, 1373 cm À1 , is higher than that of the A mode in the non-CO state at 100 K (1361 cm À1 ; this frequency corresponds to that at ¼ À0:5). This observation indicates that the intra-dimer charge separation is excluded. By assuming the intra-dimer charge separation, as shown in Fig. 8 , the A mode is a little perturbed by the e-mv interaction. When Á is not close to 1, the frequency of the A mode should be nearly identical to that in the non-CO state ($1361 cm À1 at 100 K, corresponding to the frequency at ¼ À0:5 at 100 K). However, the frequency of the A1 mode is significantly higher than $1361 cm À1 , in other words, the A1 is not so perturbed. Therefore, the CO state of e2m2Sb lacks the intra-dimer charge separation.
A mode in the CO state
It should be noted that the frequency of the A1 (A1 0 (A2 and A2 0 ) modes belong to the charge-rich (poor) molecules and suggests that the inter-molecular interaction between the charge-rich and charge-poor molecules is negligibly small. In other words, a charge-rich dimer and a charge-poor dimer participate in the repeating unit. We designate such a CO state as ''inter-dimer separation'' to distinguish it from the above-mentioned intra-dimer separation. In inter-dimer separation, the difference in the frequencies between the A1 and A2 (or A1 0 and A2 0 ) modes is largely attributed to the difference in the molecular charges between the charge-rich and charge-poor dimers. Indeed, the difference in the frequencies between the A1 and A2 (or A1 0 and A2 0 ) modes, $36 cm À1 ($32 cm À1 ), is comparable to that between the B1 and B2 modes ($37 cm À1 ). The assignment based on the inter-dimer separation is consistent with the excitation laser dependence (Appendix B).
The averaged frequency between the A1 and A2 modes, 1355 cm À1 , is lower than that in the non-CO state, $1361 cm À1 at 100 K, which is different from the property of the B mode. This inconsistency indicates that the A-group is perturbed by the inter-dimer interaction and not so sensitive to molecular charges as compared to the B-group. Let us examine the inter-dimer interaction in the A-group. The IR-active A-group is polarized along the stacking direction. Hence, we consider the inter-dimer interaction along the stacking direction. The vibrational motion of the A-group is expressed using A modes of four local dimers, R are corresponds to the A modes at isolated and charge-rich (isolated and charge-poor) dimers. The parameters and express the degree of interdimer interaction; they approach 1= ffiffi ffi 2 p when the interaction is significantly large, whereas they are equal to 1 when the charge is completely localized at a specific dimer. The difference in the frequencies between the A2 and A2 0 modes, $7 cm À1 , is small, as is the difference between the A1 and A1 0 modes ($11 cm À1 ). The small frequency shifts suggest that two charge-poor (charge-rich) dimers neighbor one another, resulting in less perturbation due to the CT interaction. Such a distribution agrees with that obtained from X-ray structural analysis. 8) These observations suggest that and are close to 1.
A detailed analysis of the A-group is useful for further discussing the inter-dimer interaction. The difference in the frequencies between the A2 and A2 0 modes, $7 cm À1 , is smaller than that between the A1 and A1 0 modes ($11 cm À1 ). The degree of perturbation depends on the magnitude of the transfer integral and the e-mv coupling constant. Our observations indicate that the inter-dimer transfer integral between two charge-poor dimers, t PP , is smaller than that between two charge-rich dimers, t RR . Indeed, the inter-dimer distance between charge-poor dimers, $5:45 # A, is longer than that between charge-rich dimers, $5:11 # A.
8) The inter-dimer transfer integral based on the structural analysis is also consistent with our analysis. Therefore, we can conclude that a group of two charge-rich dimers and a group of two charge-poor dimers are alternately arranged along the stacking direction, resulting in alternation of the inter-dimer transfer integral.
The A-group is useful to examining whether the interdimer separation or the intra-dimer separation. A subtle change in the inter-dimer interaction is also examined from the A-group. However, the A-group is not necessary sensitive to molecular charges.
C mode in the CO state
In x6.3 and x6.4, we discuss the vibrational modes between 1200 and 1300 cm À1 in Fig. 11 , where the C-and D-groups are expected to be observed. Owing to the complicated spectral shapes, we tentatively use the notations Z-S bands. We also use the notations C1, C1 0 , . . . , D2 0 modes in the correlation diagram of Fig. 12 . As shown in Fig. 11 , a broad band, denoted as the T band, is observed in the Raman spectra measured with the 514 nm laser. In the b-polarized conductivity spectra, the broad Y band is also observed. Their broad line-widths suggest that the T and Y bands belong to the C-group, which is strongly perturbed by the intra-dimer e-mv interaction. As shown in the inset of Fig. 11 , the intensity of the Y band is largest in the a-polarized conductivity spectra. However, its spectral shape is more complicated; at least three vibrational modes, the S, X, and Z bands (and possibly the B2 mode), overlap with the Y band. The line-width of the Y and T bands, $50 cm À1 , is significantly larger than that of the C mode in the non-CO state ($15 cm À1 , in Fig. 9 ). The broad line-width suggests that alternation of the inter-and intra-dimer transfer integrals contributes to the further perturbation. Moreover, each of the T and Y bands is not necessarily a single band. As shown in Fig. 12 , four modes belonging to the C-group are allowed; C1-C2 0 . When C1 (C1 0 ) overlaps with C2 (C2 0 ), the T (Y) band exhibits an extraordinarily broad line-width. Therefore, a detailed assignment cannot be given for the C-group in the CO state because the C-group is extremely sensitive to intermolecular interactions.
D mode in the CO state
The assignments of the D-group are summarized in Fig. 12 . Although the U band in the Raman spectra has smaller line-widths than the C-group, they have lower frequency than the C-group. Because this property is inconsistent with that of the C-group, the U band belongs to the D-group. The Z band observed as a dip in the IR spectra is also belongs to the D-group because of the narrow line width. The frequency of the Z band is not identical to that of the U band, indicating that the Z band inherently differs from the U band. The line-width of the S band, $7 cm À1 , is smaller than that of the T band ($50 cm À1 ). The frequency of the S band is higher than that of the T band. One may surmise that the S band belongs to the C-group since the line-width of the e-mv mode becomes narrower with increasing frequency. However, the remarkably small line-width of the S band is inconsistent with the broad linewidth of the C-group. It is thus reasonable to conclude that the S band belongs to the D-group. In the b-polarized IRconductivity spectra, a dip denoted as the X band is observed at $1290 cm À1 . Since a-polarized spectra exhibit the inflection at $1290 cm À1 , we can conclude that the X band is also observed in the a-polarized spectra. The line-width of the X band in the b-polarized spectra is smaller than that of the C-group and comparable to that of the S band. This property leads to the conclusion that the X band belongs to the D-group. The observation of the S (Z) band in the IR (Raman) spectra indicates that the mutual exclusion rule is not exactly applied to the IR and Raman spectra, which is discussed in x6.5.
Let us discuss the properties of the D-group. The difference in the frequencies between the U and S (Z and X) bands, $46 cm À1 ($23 cm À1 ), is comparable to that between the B1 and B2 modes, $37 cm À1 . Therefore, one may surmise that the D-group is sensitive to the charge at a dimer. However, the averaged frequency of the S and U (or Z and X) bands, $1283 cm À1 ($1279 cm À1 ), is higher than the frequency of the D mode in the non-CO state ($1269 cm À1 at 100 K). This behavior is significantly different from that of the charge sensitive B-group, in which the averaged frequency of the B1 and B2 modes is almost identical to the frequency of the B mode in the non-CO state. In addition to this, the difference in the frequencies of the D-group is different from the fact that the frequencies between B1 and B1 0 (B2 and B2 0 ) modes are identical to each other. This property means that the D-group is sensitive to inter-molecular interaction. Therefore, the D-group is not so sensitive to the molecular charge.
The remarkable difference in the frequencies between the U and S (Z and X) bands should be ascribed to another effect. As described in x5.2, the frequency largely depends on the degree of CT within a dimer, i.e., the D mode is produced by the strong intra-dimer interaction. This yields the relation, t intra (charge-rich dimer) < t intra (non-CO) < t intra (charge-poor dimer). Our conjecture is supported by X-ray structural analysis.
8) The intra-dimer distances (d intra ) are $3:33, $3:1, and $2:91 # A for the charge-rich, non-CO state, and charge-poor dimers, respectively, and the estimated transfer integrals are $350, $450, and $550 meV, respectively.
8) It should be noted that the perturbation of the D-group is reduced when the intra-dimer interaction is decreased. This property is in agreement with the fact that the frequency of the S band is remarkably high as compared with the other D modes in both CO and non-CO states. Therefore, the frequency of the Raman active D-group depends on the degree of dimerization. This conclusion leads to the views that the U and Z bands belong to the charge poor dimer and that the S and X bands to the charge rich dimer. Our assignments are supported from the excitation energy dependences (Appendix B). In Appendix B, the large perturbation of the D mode is also discussed from the viewpoint of the molecular orbital.
The D-group is also sensitive to the inter-dimer interaction as well as the intra-dimer interaction. The difference in the frequency between the S and X bands (= D1 and D1 0 modes), $16 cm À1 , is larger than that between the U and Z bands (D2 and D2 0 modes), $7 cm À1 . This indicates that the inter-dimer transfer integral between the charge-rich dimers is larger than that between the charge-poor dimers. Interestingly, this behavior is consistent with that of the A-group. The consistency between the A-and D-groups is ascribed to the fact that both vibrational modes belong to the A g mode in a dimer and the frequency is perturbed by the e-mv interaction between the neighboring dimers. The four vibrational modes in the D-group are also expressed like those of the A-group in eqs. (1)-(4) and the parameters are closer to 1 than to 1= ffiffi ffi 2 p . Therefore, the D-group is sensitive to the inter-dimer interaction as well as the intra-dimer interaction.
43)

Geometrical pattern in the CO state
We briefly comment on the two-dimensional structure in the CO state. The distributions of the site-charge and transfer integrals obtained from the vibrational spectroscopy are consistent with those obtained from X-ray structural analysis. 8) However, the mutual exclusion rule can not be exactly applied to both IR and Raman spectra. The A1 0 and D2 0 (= Z) modes, which are inherently IR-active, are observed in the Raman spectra. Moreover, the D1 (= S) mode, which is inherently Raman-active, is also observed in the IRconductivity spectra. These observations strongly indicate the loss of inversion symmetry, which is different from the results of structural analysis. Nevertheless, a pseudo-inversion center can be located in a repeating unit because some vibrational modes -the A1, A2, and X -almost satisfy the mutual exclusion rule. In the present material, two organic layers are separated by a countercation layer which has no inversion center. Our observations indicate that a weak interaction between the organic and cation layers induces the slightly asymmetric structure in the organic layer.
Summary of the C¼C Stretching Modes
We have confirmed the C¼C stretching modes in a tight dimer. The A and C modes belong to the 1 mode, and the B and D modes belong to the 2 mode. The B mode is sensitive to the molecular charge because it is free from the e-mv interaction. The A mode is sensitive to the inter-dimer interaction, and is somewhat sensitive to the fractional charge at a dimer as far as the inter-dimer charge separation, but insensitive when charges within a dimer are different from each other. The degree of perturbation of the C mode is understood within a framework of the standard e-mv model. Like the 3 mode of the ET salts, the C mode might be useful for investigating subtle changes in inter-molecular interactions if the number of molecules in a repeating unit is smaller than that of e2m2Sb in the CO state. The large perturbation of the D mode is characteristic of tight dimerization. Its frequency is significantly lower than that of the B mode since the D mode induces the inter-molecular charge transfer within a dimer. The frequency of the D mode largely depends on the intra-dimer interaction, in other words, the degree of dimerization. The inter-dimer interaction also contributes to weak but non-negligible perturbation. Therefore, both intra-and inter-dimer interactions can be analyzed from the D-group. The excitation energy dependence of the A-and D-groups provides information on the energy levels of the MO in a dimer. We conclude that vibrational spectroscopy is a powerful tool for analyzing the molecular charges, intra-and inter-dimer transfer integrals, inter-molecular Coulomb interactions in a dimer, and energy levels of the MO. In the subsequent articles, we will present the vibrational spectra of several [Pd(dmit) 2 ] salts which exhibit different types of CO transitions, superconducting transitions, and spin frustrations.
Let us examine the IR-active 1 mode of T1. Figure AÁ1 shows the conductivity spectra obtained from the polarized IR and NIR-reflectance spectra. The inset shows the pseudotwo-dimensional layer of [Pd(dimt) 2 ] molecules viewed along the c-axis. The TBA cations are located between the [Pd(dimt) 2 ] layers but omitted in the figure. The b-and c-polarized spectra were obtained from the bc-plane. The a-polarized spectra are not shown since the reflectance spectra obtained from the ab-and ac-planes displayed interference, presumably due to the staircase surface. As for the a-polarized spectra, both the electronic transitions in the NIR region and vibrational parts due to C¼C stretching modes are consistent with those of the b-polarized spectra.
The spectra can be separated into two frequency regions; one reflecting electric transitions in the NIR region, the other reflecting vibrations in the IR region. In the IR region, the intensity of the vibrational mode at $1310 cm À1 in the b-polarized spectra is the higher than that in the c-polarized spectra. This polarization dependence suggests that this IRactive mode is the e-mv mode since sulfur-sulfur contacts extend in the ab-plane. Furthermore, its frequency is significantly lower than that of the Raman-active 1 mode in Fig. 5 (1397 cm  À1 ). This strongly indicates that the vibrational mode at $1310 cm À1 can be assigned to the IRactive 1 mode due to the e-mv interaction in the dimer. Hereafter, the IR-and Raman-active modes are denoted as 1 (IR) and 1 (R), respectively. The mutual exclusion rule is applied to both IR and Raman spectra, which is fully consistent with the crystal structure; the repeating unit in the [Pd(dimt) 2 ] layer is a dimer on the inversion center and the inter-molecular distances exhibit an alternation.
Let us discuss the degree of perturbation in the 1 mode. The evaluation of the e-mv coupling constant is important for considering the e-mv modes. However, whereas the e-mv coupling constant of [Ni(dmit) 2 ] has been reported previously, that of [Pd(dmit) 2 ] has not. [28] [29] [30] The degree of perturbation, i.e., the observed difference in the frequencies between 1 (R) and 1 (IR), depends on both the e-mv coupling constant and the magnitude of the transfer integral. Interestingly, the degree of perturbation, 1 ðRÞ À 1 ðIRÞ ¼ 87 cm À1 , is significantly large. However, the small transfer integral for T1 is supported from the fact that the inter-molecular sulfur-sulfur distances are approximately $4 # A -a value larger than the intra-dimer distances for e2m2P and e2m2Sb ($3 # A). Furthermore, whereas e2m2P and e2m2Sb take face-to-face contact, T1 does not. These facts strongly indicate a loose dimerization with intra-dimer transfer integrals smaller than those of e2m2P and e2m2Sb. Indeed, as shown in the caption of Fig. AÁ1 , overlap integrals calculated from the result of structural analysis at room temperature are small. Although the intermolecular distance exhibits a slight alternation and the e-mv mode is observed, the calculated overlap integrals are almost uniform. Such condition is similar to those of K-TCNQ and Rb-TCNQ (tetracyanoquinodimethane) above the transition temperatures, where the e-mv mode persists owing to the fluctuation of the dimerization. 44) Therefore, the large perturbation in the 1 (IR) mode is neither ascribed to the magnitude of transfer integral nor the alternation in the transfer integral. It is reasonable to consider that the large perturbation is attributed to a large e-mv coupling constant.
This hypothesis is examined by model calculations based on the previous studies. 23, [33] [34] [35] [36] 41) We have calculated the frequency assuming two electrons are accommodated into the symmetric dimer. The e-mv coupling constant, g, of the 1 mode is assumed to be g ¼ 0:1 and 0.02 eV, those which are the same as those of the 3 and 2 modes for ET, respectively. The results between g ¼ 0:1 and 0.02 eV are compared. The frequencies of the 1 modes at ¼ À2 and À1 (1445 and 1397 cm À1 , respectively) are taken from Raman active 1 of T2 and 1 (R) of T1. The frequency at ¼ 0 (1317 cm À1 ) is estimated by extrapolation using 1 (R) of T1 and A mode of e2M2P ( ¼ À0:5 at a monomer). Figure AÁ2 shows the degree of perturbation, where the molecular charge is fixed at ¼ À1 and the transfer integral is varied. In both coupling constants, the frequency of the 1 (R) mode is insensitive to inter-molecular interaction. In contrast to the 1 (R) mode, the frequency of the 1 (IR) mode depends on the coupling constant. As for g ¼ 0:1 eV, the 1 (R) is significantly perturbed despite small t. This result is in agreement with the experimental result. However, it should be noted that the frequency is overestimated, that is, an underestimation in the degree of perturbation, because any inter-molecular interaction except for the intra-dimer interaction is neglected. In particular, the overestimation is serious for small t. In order to examine the coupling constant more precisely, we have compared the frequencies for large t. Based on the extended Hückel method, the overlap integral, jSj, of charge-rich dimer in the CO state of e2m2Sb is estimated to be $35:5 Â 10 À3 . The transfer integral is usually estimated from the relation of t ðmeVÞ ¼ EjSj. There is no consensus on the factor E (eV) for the tight dimer. However, the factor takes within a range of 10 Â 10 4 E 20 Â 10 4 . 9) Then, the perturbed frequency is estimated to be 1250-1300 cm À1 for g ¼ 0:1 eV, which is in agreement with the frequency of the C-group of e2m2Sb (details of the C-group is discussed in x6.3). These results suggest that the e-mv coupling constant of [Pd(dimt) 2 ] is close to that of the 3 mode of ET, $0:1 eV, rather than that of the 2 mode of ET, $0:02 eV. It roughly agrees with that of [Ni(dmit) 2 ]. [28] [29] [30] In the rest of this section, we will describe the electronic transitions of T1 because very little work is currently available on the electronic transition for X[Pd(dimt) 2 ]. As shown in Fig. AÁ1 , two electric transitions are observed at $5500 and $7000 cm À1 . Hereafter, the former is denoted as the band, the latter as the Á band, respectively. In the lower panel of Fig. AÁ1 , schematic views of the energy diagrams between the loose dimer and the tight dimer are shown. No HOMO-LUMO crossing is occurred for the loose dimerization. As discussed by Tamura et al., the transition energy of the Á band is independent of the intermolecular interaction because the Á band originates from the HOMO-LUMO transition of a monomer. 9, 10) Indeed, the transition energy of a tight dimer is identical to that of the [Pd(dimt) 2 ] À solution. 18, 19) Therefore, Á band in our spectra also originates from the HOMO-LUMO transition of a monomer.
By assuming the inter-molecular interaction is nonnegligible, the band is assigned to the electronic transition between MO(3) and MO(4) levels. However, as described above, the overlap integral is remarkably small as compared with that of a tight dimer. Therefore, the transition energy of the band is attributed to Coulomb interactions. The band induces the charge transfer (CT) between the neighboring charged molecules: ðanionÞ À1 þ ðanionÞ À1 ! ðdianionÞ À2 þ ðneutralÞ 0 . As far as the uniform lattice, the transition energy of band is comparable to U À V , where U (V ) denotes the on-site (inter-molecular) Coulomb interaction. From the viewpoint of the band picture, the band corresponds to the transition across the lower and upper bands whose energy gap is U À V . When molecules form a dimer, the intra-dimer CT and the inter-dimer CT are allowed. The transition energy is modified into U À V d and U À V i , where V d (V i ) denotes the intra-dimer (inter-dimer) Coulomb interaction. However, no remarkable additional electronic transition, suggesting the separation of the band, was observed in our spectra. This result is in agreement with the small overlap integral and a slightly alternation in the transfer integral because the loose inter-molecular contacts lead to MO (4) MO (1) MO (2) MOT (3) MOT (4) MOT ( 
This behavior is significantly different from that of X-TCNQ (X ¼ K and Rb) below the transition temperatures, where two electronic transitions due to U À V d and U À V i are observed. 45) The behavior of T1 is a little different from that of X-TCNQ above the transition temperatures, where the transition energy is depend on U À V rather than U owing to the finite transfer integral. Since V d and V i are small for T1, U of a monomer can be estimated from our spectra, and the estimated value is $0:7 eV (¼ 5500 cm À1 ).
Appendix B: Excitation Energy Dependence of A and D Modes and Calculation of Molecular Orbital
The Raman intensity is generally enhanced with increasing excitation energy. On the other hand, some vibrational modes do not necessary obey the general rule owing to the resonant effect. Figure BÁ1 shows Raman spectra of e2m2Sb in the non-CO state at 100 K. Among the three Raman spectra, the relative intensity of the D (A) mode, D/A (A/D), obtained with the 780 nm (514 nm) laser is the highest. This phenomenon is explained from the MO energy diagram. Figure BÁ2 shows the energy diagrams deduced from the NIR-VIS reflectance spectra in the non-CO and CO states.
9) The energy levels in the non-CO state correspond to (b). The excitation energy of the 780 nm laser, $1:59 eV is a little higher than the transition energies of the À transition [¼ MOTð1Þ ! MOTð3Þ and MOTð2Þ ! MOTð4Þ], $1:25 eV, which is close to a resonance condition. The excitation energy of 514 nm laser, $2:41 eV, is also a little higher than that of MOTð1Þ ! MOTð4Þ, $2:17 eV. On the other hand, the excitation energy of the 633 nm laser is lower than MOTð1Þ ! MOTð4Þ and much higher than the transition energies of À.
Interestingly, the À transition favor with the D mode whereas MOTð1Þ ! MOTð4Þ with the A mode. We can surmise that À involves the intra-dimer charge transfer because the D mode is coupled with the intra-dimer CT. This conjecture is supported from the resonant effect in the CO state. The energy diagrams of the charge poor-dimer and rich-dimer are shown in Figs. BÁ2(a) and BÁ2(c), respectively. The transition energies of the À and MOTð1Þ ! MOTð4Þ in the charge-poor dimer is identical to the energy of the 780 and 514 nm lasers, respectively. As shown in Fig. 11 , the U and A2 are enhanced with the 780 and 514 nm lasers, respectively. Concerning the charge-rich dimer, the excitation energy of 633 nm laser is a little lower than the transition energy of MOTð1Þ ! MOTð4Þ, which means the pre-resonance Raman effect. On the contrary, the transition energy of À does not much with three kinds of lasers. Indeed, the A1 mode is observed with 633 nm laser whereas the S band is not (Fig. 11) . Therefore, the D mode is resonant with the À transition whereas the A mode with MOTð1Þ ! MOTð4Þ.
It should be noted that neither A1 mode nor S band is observed in the spectra obtained with 780 nm laser (Fig. 11) . The absence in these modes is explained from the fact that the excitation energy of 780 nm laser does not much with any transition energies in a charge rich dimer [ Fig. BÁ2(c) ]. MOT (2) MOT (3) MOT (1) MOT (4) [Pd(dmit) ] In summary, the intensities of the A and D modes depend on the laser wavelength. This property is a clue to the assignment of C¼C stretching mode. The resonance effect is also useful to discussing the intradimer transfer integral, because the transition energies of À and MOTð1Þ ! MOTð4Þ depend on the degree of dimerization.
The difference in the resonant conditions between the A and D modes are also understood from the viewpoint of the MO. The MO was obtained using B3LYP/LANL2DZ with the Gaussian03 program after geometrical optimization. We assumed a neutral dimer, [Pd(dimt) 2 ] 2 0 , since the result of geometrical optimization is almost consistent with the structure of the charge-poor dimer of e2m2Sb in the CO state. Although the relativistic effect on Pd atoms is incorporated, the numbers of basis sets at the carbon and sulfur atoms are smaller than with the B3LYP/6-31G ÃÃ method. The diffuse function is not incorporated into the sulfur atoms, leading to underestimation of the intramolecular interaction including that between sulfur and palladium. However, the inter-molecular interactions between carbon atoms at C¼C bonds are included in the calculation. In analogy with the previous calculations, our calculation reproduces the boat-shaped molecular structure in a dimer and HOMO-LUMO crossing. 21, 22) The Pd-Pd distance, $2:94 # A, is almost identical to that of the charge poor dimer of e2m2Sb, $2:93 # A. To our best knowledge, the Pd-Pd distance from our calculation is the best value compared with the previous calculated results. The À transition [¼ MOTð1Þ ! MOTð3Þ and MOTð2Þ ! MOTð4Þ] corresponds to the electronic transition from the bonding to the anti-bonding orbitals consisting of HOMOs and LUMOs, respectively. The À transition involves the charge transfer because an electron resonated in a dimer gets localized due to the À transition. On the other hand, the MOTð1Þ ! MOTð4Þ transition consists of HOMO-LUMO transition, which inherently has a nature of local transition.
As described above, the molecular structure, HOMO-LUMO crossing and the resonance condition have been understood from the standpoint of the MO calculation. We have extended our calculation to the degree of perturbation of the D mode using the same computational method. Indeed, the large perturbation, À90 cm À1 , was obtained from the difference in the frequencies of the A and D modes. This calculated value is almost consistent with the experimental result, !ðUÞ À !ðA2Þ ¼ À77 cm À1 . As for the quantitative discussions, however, a more detailed normal mode analysis, including the sulfur-palladium contacts, is required. Such calculation might also allow us to better estimate the molecular charge using the frequency of the B mode.
We briefly comment on the C¼S stretching mode from the viewpoint of the MO. As shown in Fig. BÁ2 , the carbon atoms in the thioketone groups do not contribute to the MO. This indicates that the C¼S stretching modes are insensitive to the charge and inter-molecular interaction. Indeed, compared to C¼C stretching modes, the asymmetric C¼S stretching modes are insensitive to the molecular charge, and the symmetric mode has a small e-mv coupling constant. 28, 46) 1) The crystal structures of , , and -type ET salts are summarized in T. Mori 
